The purpose of the study is to review the recent controversy in the optimal tonicity of maintenance intravenous fluids for pediatric patients and to suggest strategies for the selection of maintenance fluid rate and composition for the pediatric hospitalist. The goals of maintenance intravenous fluid management are to preserve adequate effective circulating volume, maintain normal electrolytes, and avoid fluid overload. Wide practice variation exists in the provision of maintenance fluids for pediatric patients admitted to the general ward. Two recent meta-analyses have favored isotonic over hypotonic maintenance fluids to avoid iatrogenic hyponatremia. However, the generalizability of these findings are limited as randomized studies have focused on postoperative patients and ICU settings, comparisons in terms of fluid composition have been widely variable, few studies have examined the rate of fluid administration, and there has been insufficient examination of potential adverse effects of increased solute load. In the midst of such controversy, the pediatric hospitalist must critically evaluate current evidence when choosing maintenance fluids. To mitigate iatrogenic hyponatremia while simultaneously minimizing the risks of possible excess solute, we propose using physiologic concepts including intravascular volume at the time of initiation of maintenance fluids, initial serum sodium, and risk for increased secretion of antidiuretic hormone (ADH) to guide maintenance fluid choice.
Opinion statement
The purpose of the study is to review the recent controversy in the optimal tonicity of maintenance intravenous fluids for pediatric patients and to suggest strategies for the selection of maintenance fluid rate and composition for the pediatric hospitalist. The goals of maintenance intravenous fluid management are to preserve adequate effective circulating volume, maintain normal electrolytes, and avoid fluid overload. Wide practice variation exists in the provision of maintenance fluids for pediatric patients admitted to the general ward. Two recent meta-analyses have favored isotonic over hypotonic maintenance fluids to avoid iatrogenic hyponatremia. However, the generalizability of these findings are limited as randomized studies have focused on postoperative patients and ICU settings, comparisons in terms of fluid composition have been widely variable, few studies have examined the rate of fluid administration, and there has been insufficient examination of potential adverse effects of increased solute load. In the midst of such controversy, the pediatric hospitalist must critically evaluate current evidence when choosing
Introduction
Of the over two million children admitted to US hospitals every year, a great many require intravenous (IV) fluids during their hospitalization. The goals of maintenance IV fluid therapy are to maintain adequate effective circulating volume, maintain normal electrolytes, and avoid fluid overload. Given the impact on multiple physiologic variables, it is not surprising that wide practice variation exists [1, 2] with ongoing and active debate over the correct strategy for maintenance IV fluid administration in different disease states.
The basis for our modern concepts of maintenance fluid calculations originated in the work of Holliday and Segar in 1957 [3] who suggested that in otherwise healthy children, daily fluid requirements and losses correlate directly with caloric needs and therefore are indirectly related to the patient's weight and size. They reasoned that all fluid losses were derived from insensible losses, basal energy expenditure, and urine formation. Further, they estimated the electrolyte composition required to maintain homeostasis based on the content found in both human and cow's milk. The result of these water and electrolyte calculations led to the use of hypotonic fluids as the mainstay of maintenance IV fluids used in pediatric patients over the last 50 years. Even in a recent study, pediatric residents selected hypotonic fluids in 78 % of simulated cases designed to suggest elevated antidiuretic hormone (ADH) levels [2] .
Over the last decade, it is has become increasingly well recognized that the pathophysiologic changes in sick children perturb normal homeostatic mechanisms in ways that question the appropriateness of applying the classic Holliday and Segar approach. In particular, many children have both osmotic and non-osmotic stimuli for increased ADH production, leading to the concern for the development of hyponatremia which can be exacerbated by the use of hypotonic maintenance fluids. Two recent metaanalyses [4•, 5 ••] of randomized trials comparing hypotonic and isotonic maintenance fluids in pediatric populations found that the use of hypotonic fluids was associated with 92-fold increased risk of developing serum sodium (pNa) G135 mEq/L and 95-fold increased risk of pNa G130 mEq/L. While these studies are salient, it is important to note that the data have several important limitations which preclude a blanket recommendation for the use of isotonic fluids in all settings at this time. At least 67 % of all randomized subjects were postoperative surgical patients, and the majority of all studies were completed in ICU settings, limiting generalizability particularly to medical patients on inpatient pediatric wards. Furthermore, the types of hypotonic fluids used were widely variable across studies, thereby limiting comparisons. In addition, the studies were generally underpowered and not designed to detect disease-specific risks of developing hyponatremia. Very few studies have examined the impact of changes in volume administration [6] [7] [8] . While most studies checked for hypernatremia, few explicitly looked for other adverse events associated with an increased solute load, particularly fluid overload [9] or hyperchloremic metabolic acidosis [10] [11] [12] .
In the midst of such controversy, how should pediatric hospitalists prescribe maintenance IV fluids? In lieu of a one-size-fits-all strategy, we propose using physiologic concepts to guide initial maintenance fluid choice. In this review, we discuss recent evidence with regard to tonicity and rate of maintenance fluids, propose an algorithm to direct maintenance fluid rate and composition, and suggest future directions for research.
The Controversy
While the use of hypotonic fluids based on the work of Holliday and Segar remained doctrine through the latter half of the twentieth century, Moritz and Ayus [13] began to challenge conventional wisdom after compiling 950 case reports of neurological morbidity associated with hospital-acquired hyponatremia in the setting of hypotonic fluid use. Similar reviews [14] led to observational and eventually randomized studies comparing hypotonic to isotonic fluids in select populations, culminating most recently in two metaanalyses [4•, 5 ••] favoring the use of isotonic maintenance fluids.
These studies argue strongly against the use of hypotonic maintenance fluids across all pediatric populations, as emphasized by the safety warning issued by the UK's National Patient Safety Agency and supported by the Royal College of Paediatrics [15] . However, as detailed above, limitations in the evidence including the populations studied, study heterogeneity, and paucity of data on potential adverse events from an increased solute load as well as the effect of changes in administration rate preclude a simple transition to isotonic fluids for all-comers. The focus on tonicity of maintenance fluid without adequate study of the rate or volume of administration is concerning in the context of our current physiological understanding of the causes of hospital-acquired hyponatremia.
The "Maintenance" Rate At least three randomized studies have examined the impact of the rate of maintenance fluid administration on hyponatremia and other outcomes. The relatively small sample sizes, varied comparisons, and limited populations make this area highly understudied, particularly with regard to patients admitted to the general pediatrics ward. In Kannan et al. [6] , there was no statistically significant difference in the rate of hyponatremia comparing 58 patients receiving 5 % dextrose and 0.9 % saline at full maintenance rate to 53 patients receiving 5 % dextrose and 0.18 % saline at 2/3 of the maintenance rate (RR 2.2, 95 % CI 0.2-23.5 for pNaG130 mEq/L; RR 1.1, 95%CI 0.3-3.6 for pNaG 135 mEq/L). In Yung and Keeley [8] , 50 critical care patients were randomized into four treatment groups (0.9 % saline at full and 2/3 maintenance; 0.18 % saline at full and 2/3 maintenance); the fall in sodium was smaller in the 2/3 maintenance groups although not statistically significant (p=0.12). Of note, the net positive fluid balance (i.e., total fluid intake minus total measured fluid output) in the 0.18 % saline at 2/3 maintenance group was lower than all other groups, though also not statistically significant. Finally, Neville et al. [7] randomized 124 postoperative patients into 4 groups with saline contents of 0.9 % at full and half maintenance rate and 0.45 % at full and half maintenance rate. They noted a greater drop in serum sodium among those in the 0.45 % saline groups as compared to the 0.9 % saline groups 8 h after randomization and therefore concluded that iatrogenic hyponatremia was more attributable to the saline content than to the rate of administration. However, the authors note that this discrepancy nearly disappeared by 24 h because many in the 0.9 % saline group at full maintenance rate developed hyponatremia between 8 and 24 h. They proposed that excess fluid combined with desalination in a setting of persistent non-osmotic stimulation of increased ADH secretion may contribute to this phenomenon. They suggested that decreasing the rate of maintenance fluids and not increasing the saline content may be wise when prolonged IV fluids are required.
The rate of maintenance fluid administration is particularly important because of our current understanding of the physiologic reasons as to why hypotonic fluids contribute to iatrogenic hyponatremia. Specifically, many, if not most, hospitalized children and essentially all postoperative patients have conditions ( Table 1 ) that lead to non-osmotic stimuli for ADH release that will lead to preferential retention of free water, which will thereby decrease serum sodium concentrations. Thus, administration of hypotonic fluids may be exceeding a patient's capacity to manage increased volumes of free water in the presence of such conditions. Children with pituitary dysfunction leading to increased levels of ADH secretion despite lack of osmotic or non-osmotic stimuli carry the diagnosis of syndrome of inappropriate antidiuresis (SIAD), previously referred to as syndrome of inappropriate antidiuretic hormone (SIADH). In such children, the primary approach to prevent and treat hyponatremia (in addition to treating the underlying cause) is fluid restriction [16], generally to 2/3 maintenance rates and further titration based on changes in serum sodium. Treatment of SIAD with isotonic fluid (e.g., 0.9 % saline) is not typically recommended as increases in the serum sodium are usually modest, and some patients actually have decreased serum sodium if urine sodium is more concentrated than 0.9 % saline [17, 18] . Additionally, in the setting of non-osmotic stimuli for ADH release, isotonic fluids may mask SIAD and lead to fluid overload; Khan et al. [9] followed the serum and urine electrolytes of 40 children who underwent spinal fusion surgery, a known nonosmotic stimulus for ADH secretion, and were placed on isotonic maintenance fluids postoperatively. During their postoperative course, 32 % developed signs of SIAD in the absence of hyponatremia including decreased serum osmolality, increased urine osmolality, high fractional excretion of sodium, low urine output, high urine sodium, and increased ADH levels. Those with SIAD had significantly greater fluid intake (p=0.013) and net positive fluid balance (p= 0.008) along with increased postoperative weight gain (3.9 vs. 2.5 kg, p=.058), as well as dilutional anemia. Together, these findings suggest that ubiquitous use of isotonic maintenance fluids may lead to fluid overload and associated consequences [19] [20] [21] [22] .
Algorithm for Initial Maintenance Fluid Choice
In the setting of rapidly evolving research on the subject, we propose an algorithm for initial maintenance fluid choice for pediatric patients being admitted to the general pediatric ward based on three key features of the individual patient's physiology: intravascular volume status at the time of initiating maintenance intravenous fluid (IVF), serum sodium in those who required volume resuscitation, and the likelihood of increased ADH levels from co-existent conditions (Fig. 1) . We use an approach that clearly and separately identifies a patient's need for volume expansion (e.g., dehydration) from maintenance fluid needs and from ongoing losses. In this approach, completely or nearly completely re-establishing euvolemia prior to initiating maintenance IVF therapy is recommended.
Assessment of Intravascular Volume and Initial Rehydration Therapy
A complete discussion of techniques for assessment of intravascular volume in children is beyond the scope of this review. However, initial assessment of volume status is an important indicator of the underlying physiology of the patient when making maintenance fluid choices. Additionally, frequent reassessment of volume status over the course of maintenance therapy and appropriate repletion in addition to maintenance fluid is paramount to a safe IV fluid strategy.
Ideal assessment of intravascular volume and fluid-responsiveness is achieved through dynamic measurements such as pulse pressure variation, inferior vena cava diameter variation, echocardiography, or other techniques [23••] , which are rarely available, practical, or desirable on the general pediatric ward. Among patients with a known baseline healthy weight, the difference in total body water can be estimated, noting that each 1 kg difference corresponds to 1 L of fluid. In the absence of known pre-illness weight, multiple clinical Table 1 . Common pediatric conditions that increase the risk of increased ADH secretion
Risk factors for inappropriately increased ADH secretion
Severe stress or pain [34] CNS disease [31, 35] Increased intracranial pressure Trauma Meningitis/encephalitis Neoplasms Pulmonary disease [28, 29, 36 ] Pneumonia Bronchiolitis Asthma Postoperative [30] Gastrointestinal disease [37] Gastroenteritis Emesis Endocrine disease [38, 39] Diseases of the posterior pituitary gland (diabetes insipidus, surgical injury) Hypoglycemia Drugs [40] Antidepressants (TCAs, SSRIs, MAOIs) Antipsychotics (thioridazine, trifluoperzine, haloperidol, aripiprazole) Antiepileptics (carbamazepine, oxcarbazepine, valproic acid) Antineoplastics (vincristine, vinblastine, cisplatin, carboplatin, cyclophosphamide, ifosfamide, methotrexate, interferon) Opiates CNS central nervous system, TCA tricyclic antidepressant, SSRI selective-serotonin reuptake inhibitor, MAOI monoamine oxidase inhibitor scores [24] based on physical examination findings, have been validated to yield an estimation of percent dehydration, which, when multiplied by the patient's weight, can be used to quantify the volume of missing fluid.
Enteral rehydration is preferred in mild-moderately dehydrated children when possible [25, 26] . In those who require IV fluid resuscitation, the ideal type of fluid is controversial and beyond the scope of this review, but an isotonic fluid is typically deemed optimal for intravascular volume replacement, and 0.9 % saline is the most widely used based on its low cost and overall efficacy [26] . Dextrose-containing isotonic solutions in patients with gastroenteritis have been shown to hasten ketone clearance [27] .
Maintenance Fluids in Euvolemic Patients
Many hospitalized children have conditions associated with increased ADH secretion. Among these are surgery, central nervous system disease, pulmonary disease, acute pain, vomiting, and certain medications, which enhance either the release or effect of ADH [13, [28] [29] [30] [31] [32] (Table 1) . It is believed that it is these patients who are at greatest risk for hyponatremia as a result of increased retention of free water, and their maintenance fluid choice should be selected accordingly. In these patients, dextrose 5 and 0.45 % saline infused at 2/3 the typical maintenance rate limits the amount of free water. In patients with increased ADH, this helps avoid hyponatremia, while simultaneously limiting the total solute load, which decreases the risk for hyperchloremic metabolic acidosis and fluid overload. It seems likely that many of the cases of iatrogenic hyponatremia observed in the studies listed above are a result of administration of hypotonic fluids at a rate or total volume that exceeded the patient's ability to excrete free water when there were increased ADH levels.
Maintenance Fluids in Patients who Present With Intravascular Volume Depletion
Intravascular volume depletion serves as a non-osmotic stimulus of appropriate secretion of ADH, but different patients will have varying amounts of water and solute losses. Thus, stratifying patients by initial serum sodium at presentation is a useful strategy for choosing maintenance fluids after euvolemia is restored. In those patients who are restored to euvolemia and have a normal or high serum sodium, the amount of sodium in isotonic fluids likely exceeds what is necessary to replete the sodium losses, risking the development of hypernatremia. As a result, hypotonic IV fluids (D5 0.45 % saline) at standard maintenance rates would be most appropriate. If the initial serum sodium is above 155 mEq/L, slow correction with even more hypotonic fluids (D5 0.2 % saline) might be indicated. In contrast, those with hyponatremia at presentation have a relative free water excess and are at higher risk for worsening hyponatremia from excess free water in maintenance fluids. After restoration to euvolemia using isotonic fluids, 5 % dextrose with 0.45 % saline run at 2/3 maintenance or 5 % dextrose with 0.9 % saline run at full maintenance may both be appropriate choices, depending on the patient's risk for fluid overload. That is, there is a higher risk of developing fluid overload with 5 % dextrose with 0.9 % saline infused at a full maintenance rate.
For those presenting with intravascular volume depletion in whom checking electrolytes is not indicated (e.g., asthma exacerbation with increased insensible losses from tachypnea improving with appropriate therapy), treating as described above for euvolemic patients along with assessment for risk of SIAD as well as frequent reassessments of hydration status and accounting for ongoing losses would be a sensible strategy.
Ongoing Losses
Patients with ongoing losses (e.g., vomiting, diarrhea) should have the volume and type of losses quantified and replaced as needed. Replacing the lost fluid with IV fluids of similar tonicity is least likely to lead to electrolyte disturbances [33] . These fluids should not be counted as part of the maintenance fluids but rather should be given separately and in frequent intervals in an attempt to maintain euvolemia.
Conclusion
Hyponatremia in the pediatric patient is a rare but potentially serious condition that can lead to seizures, encephalopathy, and even death. Literature over the previous decade has highlighted the development of hyponatremia in hospitalized children likely exacerbated by administration of hypotonic fluids beyond the patient's capacity to excrete free water. However, recommending the universal transition to isotonic maintenance fluids may oversimplify the pathophysiology unique to each patient and lead to different harms, in particular fluid overload from excess solute. Instead, it is more appropriate to ensure that intravascular volume depletion is properly appreciated and addressed and that those patients in whom increased ADH secretion is a risk are properly identified. A standardized approach to stratifying and categorizing patients in order to select appropriate maintenance fluids will serve as a cornerstone for strengthening the evidence base in this important field. We therefore recommend that future research on the impact of maintenance fluids focus on stratifying patients by likelihood of increased ADH levels, assessing balance measures associated with excessive isotonic fluid intake (particularly fluid overload and hyperchloremic metabolic acidosis), and gathering more data in understudied populations such as medical patients admitted to the general pediatric ward.
